[1] A unique set of ferromanganese crusts and nodules collected from Shatsky Rise (SR), NW Pacific, were analyzed for mineralogical and chemical compositions, and dated using Be isotopes and cobalt chronometry. The composition of these midlatitude, deep-water deposits is markedly different from northwest-equatorial Pacific (PCZ) crusts, where most studies have been conducted. Crusts and nodules on SR formed in close proximity and some nodule deposits were cemented and overgrown by crusts, forming amalgamated deposits. The deep-water SR crusts are high in Cu, Li, and Th and low in Co, Te, and Tl concentrations compared to PCZ crusts. Thorium concentrations (ppm) are especially striking with a high of 152 (mean 56), compared to PCZ crusts (mean 11). The deep-water SR crusts show a diagenetic chemical signal, but not a diagenetic mineralogy, which together constrain the redox conditions to early oxic diagenesis. Diagenetic input to crusts is rare, but unequivocal in these deep-water crusts. Copper, Ni, and Li are strongly enriched in SR deep-water deposits, but only in layers older than about 3.4 Ma. Diagenetic reactions in the sediment and dissolution of biogenic calcite in the water column are the likely sources of these metals. The highest concentrations of Li are in crust layers that formed near the calcite compensation depth. The onset of Ni, Cu, and Li enrichment in the middle Miocene and cessation at about 3.4 Ma were accompanied by changes in the deep-water environment, especially composition and flow rates of water masses, and location of the carbonate compensation depth.
Introduction
[2] Most previous regional studies of ferromanganese oxide crusts (Fe-Mn crusts) utilized samples collected from relatively shallow water (above 3000 m water depth) on seamounts and ridges located in the northwest-equatorial Pacific region, within about 20 latitude of the equator in a corridor from Hawaii to the west Pacific trenches. That geographic focus was due to the occurrence of old and large seamounts/guyots in that region and the high concentrations of cobalt, the metal presently of greatest economic interest in those shallow-water crusts [Hein et al., 2009] . That region is the Prime Crust Zone (PCZ) of greatest economic interest in the global ocean [Hein et al., 2009] and is therefore one of the areas used for comparisons with the Shatsky Rise crusts. [3] We report here on the occurrence, composition, age, and origin of a unique set of Fe-Mn crust, nodule, and amalgamated crust-nodule deposits sampled from relatively deep water (mostly below 3000 m depth) at middle northern latitudes (32 
Background
[4] There have been four primary areas of focus in the study of Fe-Mn crusts, their distribution, composition, and mechanisms of formation; their economic potential for Co, Mn, rare earth elements (REEs), Ti, Ni, Mo, Pt, Zr, Te, Cu, W, and others; the use of Fe-Mn crusts as recorders of the past 70 million years (Ma) of oceanic and climatic history; and the role that the global complement of crusts (and nodules) play in the geochemical balance of the oceans. This work predominantly focuses on the first of those four.
[5] Fe-Mn crusts occur on hard-rock substrates and nodules on sediment-covered abyssal plains and plateaus throughout the global ocean. Crusts form at the seafloor on the flanks and summits of seamounts and ridges where the rocks have been swept clean of sediments for millions of years [Hein et al., 2000] . Crusts can be up to 260-mm thick and form pavements on rock outcrops by way of hydrogenetic precipitation from cold ambient bottom waters. Crusts form at water depths between $400-7000 m, with the thickest and most metal-rich crusts occurring at depths of $800-2500 m. The mean dry bulk density of crusts is 1.3 g/cm 3 , the mean porosity is 60%, and they are characterized by an extremely high mean surface area averaging 325 m 2 /g [Hein et al., 2000] . Crusts generally grow at remarkably slow rates of 1-5 mm/Ma [e.g., Hein et al., 2000] . The extensive surface area and slow growth rates allow for the adsorption of many elements from seawater in high concentrations. [6] In general, the dominant controls for the concentration of metals in Fe-Mn crusts are the concentration of metals in seawater and their ratios, colloid surface charge, types of complexing agents, stability of surface complexes, surface oxidation reactions, specific-surface area, and growth rates. More specifically, a first-order electrochemical model proposes that positively charged species dissolved in seawater will adsorb onto the negatively charged MnO 2 surfaces and neutral and negatively charged species will adsorb onto the slightly positively charged surfaces of FeO(OH) [Koschinsky and Halbach, 1995; Koschinsky and Hein, 2003] at the pH of seawater ($8). Some sorbed metals are oxidized to more stable states at the colloid surface thereby facilitating higher concentrations than would otherwise be possible [e.g., Murray and Dillard, 1979; Bidoglio et al., 1993] . [7] Shatsky Rise is about 450 km wide and 1650 km long and resides on Late Jurassic and Early Cretaceous lithosphere that becomes younger to the northeast Sager et al., 1999] . Substantial outpourings of basalt occurred at least three times forming three plateaus separated by deep-water areas that are only a few hundred meters above the regional baseline (Figure 1 ). These three plateaus were informally named TAMU, ORI, and Shirshov by Sager et al. [1999] . TAMU plateau is by far the largest in area and volume and was the first to form. A 39 Ar radiometric age of 144.6 AE 0.8 Ma was determined from massive flows cored at IODP Site 1213 on the south flank of TAMU [Mahoney et al., 2005] . Two other volcanic features occur in close proximity to Shatsky Rise. Papanin Ridge forms an apparent northeast extension of the Rise but is separated from it by a deep trough; and the Ojin Rise Seamounts, which partly sit on a swell and form a chain trending eastnortheast away from Shirshov plateau (Figure 1 ). Both these volcanic structures may be connected with Hess Rise to the east.
Geomorphology and Geological Setting
[8] The regional seafloor ranges in depth from about 5500 to 6000 m and the entire approximately 480,000 km 2 area of Shatsky Rise can be outlined by the 5000 m isobath, with depths as shallow as about 2000 m, but typically are greater than 3000 m . Shatsky Rise is covered at its summits by up to 1.2 km of mostly Cretaceous pelagic carbonates, in contrast to less than 500 m of sediment on the surrounding abyssal plain. Sediments on the flanks of Shatsky Rise are thin with comparable thickness to surrounding abyssal sediments . Ridges and seamounts on Shatsky Rise are clear of sediment in many places and these sediment-free areas are the locations of Fe-Mn crust formation.
[9] Shatsky Rise formed rapidly [Sager and Han, 1993] although episodically during three stages that formed the three plateaus [Mahoney et al., 2005] . Formation occurred predominantly near an oceanic ridge-ridge-ridge triple junction . It was proposed that the Rise formed from a mantle plume head and decompressional melting , with Papanin Ridge having formed from the mantle plume tail. However, subsequent work showed that the few rocks that have been analyzed from Shatsky Rise have MORB-like and not OIB-like geochemical and petrographic characteristics [Tatsumi et al., 1998; Mahoney et al., 2005] . These new data are consistent with either a perisphere or meteorite-impact origin [Mahoney et al., 2005; . Ojin Rise Seamounts may have formed somewhat later from a different magmatic source.
[10] Although the principal plateaus of Shatsky Rise currently lie at latitudes from 30 to 40 N, paleomagnetic data indicate that the plateau was near the equator during its formation and subsequently drifted northward by $35 [Sager, 2006] . Northward motion of the Pacific plate has been $28 latitude since 70 Ma ago, but only $10 since 30 Ma [Beaman et al., 2007] . This indicates that during the Neogene, the environmental conditions related to geographic location for Shatsky Rise dredge sites should have changed little.
Samples and Methods
[11] Samples were selected from dredge hauls stored at Scripps Institution of Oceanography that Figure 1 . Location of Shatsky Rise (inset), the three plateaus that make up the Rise, and dredge sites D2-D14 from which Fe-Mn deposits were collected.
were collected in 1994 during cruise TN037 aboard the R.V. Thomas G. Thompson. Dredges D12, D13, and D14 were collected on TAMU plateau: D13 and D14 are from the 1500 m-high Toronto ridge (900 m of which is buried beneath sediment) located on the northwest flank of TAMU, and D12 on a seamount called Sponge mountain, just south of the summit plateau (Figures 1 and 2 and  Table 1 ). Dredge D11 was collected from Cooperation seamount, a twinned-peak basaltic volcano located within a basin that separates TAMU and ORI plateaus . Dredges D8-D10 were taken along the flanks of ORI plateau and D6 and D7 along the flanks of Shirshov plateau (Figures 1 and 2 ).
[12] X-ray diffraction mineralogy was completed using a Philips diffractometer with Cuka radiation and graphite monochromator. Semiquantitative mineral percentages were determined by using peak intensities and weighting factors relative to quartz set as 1 [Cook et al., 1975; Hein et al., 1988] . The detection limit for each mineral falls between about 0.2 and 1.0%, except for the manganese minerals, for which the limits are greater, probably as much as 10% for d-MnO 2 .
[13] Abundances of the 10 major oxides and Ba, Cr, Nb, Rb, Sr, Y, Zr, Th, and U in substrate rocks were determined by X-ray fluorescence spectrometry using a borate fused disk (XRF); Fe(II) by colorimetric titration; CO 2 by coulometric titration; H 2 O + by water evolved at 925 C as determined coulometrically by Karl-Fischer titration; H 2 O À by sample weight difference after heating to 110 C for more than one hour; F and Cl by specific-ion electrode, S and C by combustion in an induction furnace and analysis of the generated SO 2 and CO 2 by infrared spectroscopy.
[14] For Fe-Mn crusts and nodules, the concentrations of the 10 major elements were determined by XRF on a borate fused disk representing the average composition of the entire crust sample; B, Ba, Cr, Cu, Li, Ni, Sr, V, Zn, and Zr were determined by inductively coupled plasma spectrometry (ICP) and Ag, As, Be, Bi, Br, Cd, Ce, Co, Ge, Hf, In, Mo, Nb, Pb, Rb, Sb, Sc, Se, Sn, Te, Th, Tl, U, W, and Y, by ICP-mass spectrometry using a 4-acid digest (ICP-MS); REEs by ICP-MS using a Li-metaborate fused disk; platinum group elements (PGEs: Ir, Pd, Pt, Rh, Ru) and Au by Ni-sulfide fire assay and ICP-MS; Te and Se were also determined by hydride generation and graphite furnace atomicabsorption spectrometry (AAS); Hg by cold vapor AAS; S by combustion and infrared spectroscopy; and Cl by specific-ion electrode. Analytical precision is better than 1.5% for all elements except Cl, which is better than 5.0%, and PGEs (better than 10%). Elements that have more than 30% of the values near or below the detection limit (in parentheses) include Cs (3 ppm), Se (5 ppm), Au (2 ppb), and Ir (2 ppb); elements with all values below detection limit are Ag (0.2 ppm), Ge (10 ppm), In (0.5 ppm), and Sn (2 ppm). Some crusts were split into two or more (up to 5) layers defined by welldeveloped textural differences. Bulk crust samples were also analyzed for those that were split into layers. All depths within Fe-Mn crusts are given in millimeters from the crust surface that was in contact with seawater.
[15] REE plots are normalized to both chondrites [Anders and Grevesse, 1989] and shale (PAAS, Post-Archean Australian Shale [McLennan, 1989] ). The Ce anomaly was calculated as Ce* = 2Ce/ (La + Pr) for PAAS-normalized values.
[16] Four subsamples forming a depth profile were taken from each of four select Fe-Mn crusts with a dentist drill to determine average growth rates and ages using the ratio between cosmogenic 10 Be and stable 9 Be. The 10 Be concentrations were determined by isotopic dilution using accelerator mass spectrometry (AMS). A precisely weighed amount of a 9 Be carrier was added to weighed aliquots of the sample powders and the samples were dissolved in 6 M HCl. The sample solutions were further purified and prepared for AMS analyses following a previously established method [Frank et al., 1994] . The AMS measurements were performed at the 0.5 MV AMS facility "TANDY" [Müller et al., 2010] , ETH Zürich, Switzerland. The measured 10 Be/ 9 Be ratios were normalized to the secondary ETH Zürich S2007N with a nominal value of 10 Be/Be = 28.1 Â 10 À12 [Kubik and Christl, 2010] . The 1s statistical uncertainties of the 10 Be measurements were between 3% and 5% taking into account both the counting statistics of the 10 Be "events" and the reproducibility of repeated measurements, which were performed for each sample, standard, and blank. The newly revised half-life of 10 Be of 1.387 Myr was applied [Korschinek et al., 2010; Chmeleff et al., 2010] .
[17] The natural authigenic 9 Be concentration of the Fe-Mn crust samples was acquired at the ICPMS-Laboratory of the Institute of Geosciences, University of Kiel, using an AGILENT 7500cs ICP-MS instrument following established standard procedures [Garbe-Schönberg, 1993] . The measurements were performed on an aliquot of the same solution as used for 10 Be measurement in order to guarantee that the determined natural 10 Be/ 9 Be represents a true seawater ratio, which for the surface sample is consistent with the modern seawater ratio. For ratios deeper in the crusts, a seawater signal is indicated by a consistent decrease that follows an exponential decay, which means that the likelihood of a seawater signal is very high; in addition, the REE patterns are typical for hydrogenetic crusts. Repeat measurements of samples processed separately through the leaching procedure indicate a 1s reproducibility of 5%.
[18] The age of each crust below the upper 20 mm dated using Be isotopes was determined using an empirically derived cobalt chronometer method (growth rate GR = 0.68/(Co n ) 1.67 , where Co n = Co Â (50/Fe + Mn), with metals in wt. % [Manheim and Lane-Bostwick, 1988] ), and by extrapolation of the deepest layer rate determined by Be isotope; the occurrence of growth hiatuses and changes in growth rates in the parts of the crusts not covered by 10 Be/ 9
Be data cannot be excluded (see Frank et al. [1999] for discussion). Frank et al. [1999] adjusted the empirical Co growth-rate relationship to match the available 10 Be/ 9
Be data and then used this adjusted relationship to extrapolate beyond the time covered by 10 Be/ 9
Be data. Here, we use the two techniques independently and so differences are to be expected.
[19] The Pearson correlation coefficient was used to calculate correlation coefficient matrices for the chemical data. Q-mode factor analysis was used to examine inter-element relationships and to identify common groups of elements referred to as factors. On the basis of X-ray diffraction mineralogy and element correlations, we interpret each factor to represent a particular mineral or phase in the Fe-Mn crusts and elements in that factor to be associated with or contained in that mineral or phase. This links mineralogy that reflects environmental conditions to element concentrations that in part reflect different sources. For Q-mode factor analysis, each variable percentage was scaled to the percent of the maximum value before the values were rownormalized and cosine-theta coefficients calculated. Factors were derived from orthogonal rotations of principal component eigenvectors using the Varimax method [Klovan and Imbrie, 1971] . All communalities, an index of the efficiency of a reduced set of factors to account for the original variance, are ≥0.90. Low factor scores between À0.18 and +0.18 were discarded because they are not statistically significant.
Results
[20] A wide variety of Fe-Mn morphological types were recovered during cruise TN037, including Fe-Mn-oxide pavement, Fe-Mn-oxide-coated cobbles, Fe-Mn nodules, and amalgamated crustnodule deposits (Fe-Mn nodules cemented into pavements; Figure 3 ), which grade with depth into nodule conglomerate; the cement is Fe-Mn oxides, which also cement some breccia substrate rocks. In many dredge hauls, both crusts and nodules were collected indicating the close proximity of rock outcrops and sediment-covered seabed. Nodules generally have a small nucleus of an older nodule fragment, or less commonly a rock fragment (abyssal-type nodules [Hein et al., 2000] ). Deep-ocean amalgamated deposits have not been previously described and the close occurrence of crusts and abyssal-type nodules on seamounts and ridges is not common. [21] Crusts for the most part are quite thick, but vary from 5 to 136 mm (Table 1) ; 260 mm is the thickest crust collected to date from the global ocean [Hein et al., 2000] . The thickest Shatsky Rise crust was recovered from dredge haul D7 taken on the flank of Shirshov plateau. Thick crusts are layered, with columnar, massive, mottled, laminar, and/or botryoidal laminae, typical of hydrogenetic Fe-Mn crusts. Small rock and mineral fragments and isolated nodules occur within some crusts attesting to the dynamic seabed environment where the crusts formed. Surface textures of crusts are generally smooth, indicating current abrasion of surfaces that were once botryoidal. Carbonate ooze adhered to the surface of some nodules and red clay to some crusts during the dredging process.
[22] Fe-Mn crust substrate rock types also vary widely and include altered basalt, breccia, hyaloclastite, limestone, mudstone, and phosphorite composed of carbonate fluorapatite (CFA). Pure phosphorite is represented by replaced foraminiferal limestone and phosphatic rocks include CFA-cemented breccia and hyaloclastite and partly replaced reef limestone. These are typical substrate rocks for Fe-Mn crusts collected from seamounts elsewhere in the Pacific.
Composition of Selected Substrate Rocks
[23] Six representative substrate samples of finegrained and altered rocks were selected and analyzed to determine their mineralogy and chemical composition (Table 2) . Phosphorite is common in dredge hauls D12, D13, and D14. These are typical seamount-type deep-water phosphorites like those collected from many locations further south in the PCZ [Hein et al., 1993] . These three dredge sites are the shallowest-water sites (Table 1 ) and the southernmost of those sampled during TN037. The other substrate rock samples analyzed are composed of volcanogenic minerals and their alteration products (Table 2) , which are highly altered with high water contents and little to no reduced iron. Barite occurs in a sample of strongly sheared pinkishbrown claystone (D8-1A2). There is no indication of hydrothermal alteration of these rocks.
Fe-Mn Crust and Nodule Mineralogy
[24] All Fe-Mn samples are predominantly d-MnO 2 (vernadite), which has only two X-ray reflections at about 2.42 Å and 1.41 Å. One crust layer may contain todorokite, but generally diagenetic and hydrothermal manganese minerals (7 and 10 Å manganates) are below the detection limit of about 5%. The d-MnO 2 mineralogy of the Fe-Mn nodules indicates that they are also hydrogenetic without a significant diagenetic component. The main iron phase is X-ray amorphous. Accessory minerals include eolian quartz, plagioclase, and illite carried by westerly winds from Asia [Leinen et al., 1994] , and detrital plagioclase and smectite from local sources; there is no local source for quartz and illite. Some samples also contain phillipsite or amphibole. The innermost layer (69-97 mm, adjacent to substrate) of a thick crust from dredge haul D14 contains CFA, which is not found in any other TN037 Fe-Mn crust. The lower layers of thick crusts from more equatorial regions are commonly phosphatized [Hein et al., 1993] .
Fe-Mn Crust and Nodule Geochemistry
[25] Fifty-one samples were analyzed for chemical composition including 21 bulk crusts, 25 crust layers (2 of which are nodular layers), and 5 bulk nodules (Table 3) . Chemical data are presented on a hygroscopic water-free basis (0% H 2 O À ). The mean Fe/Mn ratio is 0.9 (range 0.5-2.0; Table 3 ), within the range of most hydrogenetic Fe-Mn crusts and only slightly higher than the 0.7 mean ratio of PCZ crusts. Si/Al ratios (mean 4.6) indicate that Si is enriched relative to Al in Fe-Mn crusts and nodules compared to substrate rocks. That excess silica most likely reflects biogenic silica and eolian quartz.
[26] Ni (max 0.84%), Co (max. 0.52%), and Cu (max. 0.50%) are the metals of greatest economic interest, along with Mn; individual nodule combined concentrations reach up to 1.33 wt. % (D6-1N-A) and individual crust layers up to 1.57% (D4-1E) for those three metals, which are below the 2.0 wt.% commonly considered the potentially economic cut-off grade for nodules. The mean Cu content of the crusts analyzed here is about 300-400 ppm higher than regional means elsewhere in the global ocean although the mean Ni content falls within the range of large regional areas ( Figure 4 ) [Hein et al., 2000; Hein and Koschinsky, 2012] . The mean Cu/Co ratio is 0.65 for all samples, 0.63 for crust layers, 0.49 for bulk crusts, and 2.0 for the five bulk nodules (Tables 4-6 ). The high mean ratio for the nodules is identical to the mean ratio for the seven crust layers with high Cu concentrations (>0.20%). The same trend is noted for Ni/Co ratios, with bulk crust ratios averaging 1.3 and nodules 3.0. The highest Cu and Ni layers in crusts are always middle or lower layers, such as 46-68 mm for D3-1, 56-92 mm for D4-1, and 31-78 mm for D7-1. No near surface layers or thin crusts are strongly enriched in Cu (>0.20%) or Ni (>0.45%). For example, thin bulk crusts plus the thin outermost layer (<25 mm) of thicker crusts average 923 ppm Cu and 2755 ppm Ni, whereas crust layers below 30 mm average 2281 ppm Cu and 4705 ppm Ni. Lithium and especially Th are also strongly enriched in the same older crust layers as Cu and Ni and also compared to other crusts from open-ocean Pacific sites (Figure 4 ).
[27] Phosphorus averages about 0.54% for all the data combined, typical of most non-phosphatized Fe-Mn crusts. Only one crust (D14-16) is phosphatized and has 3.72% P in the lowermost layer (69-97 mm; Table 3 ); no nodules are phosphatized. The PGEs are generally low compared to PCZ samples; bulk crust D14-16B has the highest concentrations of PGEs, with 689 ppb Pt. Hg is very high (69-97 ppb) in five samples as is Au (54-66 ppb) compared to PCZ samples, which [Hein et al., 2005] .
[28] Two or more layers were analyzed for eight Fe-Mn crusts. Fe, Mn, and their respective associated elements (see below) increase, and the aluminosilicateassociated elements decrease in the lower layer of the two layers of crusts D3-1 and D9-12. Mn, Mn-associated elements, and PGEs generally decrease from the substrate to the crust surface for crusts D2-3 (112 mm thick) and D11-2 (68 mm 2365  1821  2872  3579  2915  2125  1263  1312  1599  1618  2121  Cr  23  34  13  42  13  7  7  61  25  62  37  Cu  1144  748  1220  1808  1188  1429  3836  2305  3257  2289  1517  Hf  4  <1  3  7  1  2  5  4  10  3  5  L i  7  6  6  9  5  1 5  2 1  1 8  2 5  1 8  8  Mo  537  604  662  650  662  440  442  392  499  342  591  Nb  62  47  65  77  67  44  13  20  29  30  60  Ni  2365  1749  2720  3616  2759  2695  5801  4551  5325  4358  2404  Pb  1273  1327  1537  1259  1503  1359  744  1061  1202  1445  1607  Rb  23  23  13  9  14  20  32  24  23  20  15  Sb  35  40  38  34  38  33  28  32  44  39  54  Sc  11  12  10  11  11  14  19  15  15  14  18  Se  <5  19  40  <5  25  19  16  17  <5  8  13  Sr  1261  1291  1474  1372  1438  1196  895  998  1165  1237  1491  Te  22  13  22  37 thick; 3 layers each), whereas Fe and associated elements show the opposite trend. In contrast, most elements show uniform concentrations through the three layers of the relatively thin crust D10-11 (25 mm thick). The other Fe-Mn crusts show more complex patterns determined by the anomalous composition of one of the layers; for example, layer 4 of the 5 in sample D4-1 (118 mm) is high in aluminosilicate elements and very low in Fe and layer 5 is also high in aluminosilicate elements, but very low in Mn, consequently, other elements either increase toward or away from those layers. The phosphatized layer (lowermost of 4 layers) in crust D14-16 (110 mm thick) is another example of an anomalous layer.
[29] A ternary plot of Fe:Mn:(Co + Ni + Cu) Â 10 shows that about half the sample data fall within the lower part of the open-ocean hydrogenetic crust field (field B in Figure 5 ). The remainder of the data in the ternary plot trend toward the hydrothermal field (field C in Figure 5 ) or fall between the hydrogenetic and diagenetic fields (field A in Figure 5 ).
Yttrium and Rare Earth Elements
[30] Total REEs plus Y range from very high (0.51%; crust D2-3-1A; 7.5% are heavy REEs) to quite low (0.081%; crust D3-1A; 17.6% are heavy REEs), with Ce concentrations up to 0.43% (crust layer D2-3-1D; Table 7 ). Only Ce among the REEs is higher in Shatsky Rise samples compared to PCZ samples. Yttrium and the REEs decrease in the upper layer of the two layers of crusts D3-1 and D9-12. The REEs increase (except Ce which decreases) from the substrate to the crust surface for crusts D2-3 (3 layers) and D11-2 (3 layers). In contrast, the REEs increase from the bottom and surface layers to the central layer through the three layers of sample D7-1C and sample D10-11, except Ce in D10, which shows the opposite trend. The other crusts show more complex patterns determined by the anomalous composition of one of the layers; for example, layer 4 of the 5 layers of sample D4-1 is high in aluminosilicate elements and very low in Fe, consequently, the REEs increase away from that layer and also decrease from layer 2 to the top layer, which has the highest concentrations for that crust, except for Ce. In four-layer crust D14-16, the REEs increase away from layer 3, except Ce, which decreases.
[31] Normalized REE plots show patterns typical of hydrogenetic crusts and nodules: PAAS-normalized data show a positive Ce anomaly (Ce*) and convex up middle REE pattern ( Figure 6 ). Chondritenormalized patterns show a positive Ce anomaly, small positive Gd anomaly, LREE enrichment, and a progressive decrease in normalized HREE with increasing atomic number.
[32] The Ce* ranges from a very strong to a weak positive anomaly (11.5 to 1.7, respectively). In most samples, Ce* decreases in magnitude with distance from the substrate (decreasing age) in the crust, in other samples adjacent layers have similar values. Good examples are crusts D2-3-1 where Ce* decreases with time from 11.5 to 5.9 to 2.8 through three layers, and crust D11-2B decreases with time from 8.1 to 4.0 to 2.3 through three layers. There is a reversal in layer 3 of the oldest crust (D14-16B), where Ce* increases from 3.0 to 7.6, then decreases to 4.4 and then 3.0 for the uppermost layer (Table 6 ).
Inter-element Relationships and Grouping of Elements
[33] Correlation coefficient matrices were constructed for the chemical compositions of all data, bulk crusts, and crust layers. In addition to chemical elements, all matrices included longitude, latitude, water depth, and crust thickness.
[34] For the 21 bulk crust samples analyzed, statistically significant positive correlations (p = 0.01) are found among the following elements, which are assumed to represent the Mn, Fe, aluminosilicate, and CFA or biogenic phases: Mn: Mo, W, Sb, Bi, Co, Sr, U, Te, Pb, and V (at p = 0.05 also Ni, Nb, Zn); Fe: As, U, V, Pb, Sr, Sb, Zr, and W; Si: Al, K, Rb, Na, and Sc (at p = 0.05 also Mg); P: Ca, Y, S, Cr, Te, Bi, Se, Ir, Pt, Rh, and Ru (at p = 0.05 also Tl). Copper shows a negative correlation with Fe and associated elements, but does not correlate with Mn; Cu has positive correlations with Ga, Mg, Ni, Cd, Ba, K, and Zn (at p = 0.05 also Au, Li, Rb). Nickel also has a negative correlation with Fe and associated elements, but unlike Cu, has a positive correlation with Mn as well as Cd, Zn, Cu, Mg, Ba, and Ga (at p = 0.05 also Li). Thorium does not correlate with any of the major phases and has positive correlations with Ta, B, Nb, and Be. Water depth has positive correlations with Latitude, Longitude, and Th at p = 0.01 and Si, Al, B, and Sc at p = 0.05; and negative correlations with Co, Sb, Pb, Sr, Zn, P, and Te, which indicates that Th and the aluminosilicate elements increase in crusts with increasing water depth, whereas some of the elements associated with the Mn, Fe, and CFA phases decrease with increasing water depth. These same relationships occur with increasing latitude, which stands to reason since water depth increases with increasing latitude. Rh, Tl, Ba, B, and Ga increase with increasing crust thickness and crust thickness increases with increasing longitude; Hg decreases with increasing crust thickness.
[35] Q-mode factor analysis for the bulk crust data set shows three factors that account for 96% of the variance and represent the Fe, aluminosilicate, and Mn phases (57%, 15%, and 23% of the variance respectively); a CFA/biogenic factor was not identified using Q-mode analysis. In addition to the elements listed above, the Fe factor has: REEs (except Ce), Ti, Bi, Mo, and Te; the aluminosilicate factor has Hg, Th, and Pd; and the Mn factor has: Ce, Li, Cu, Mg, Ba, Ga, and K, but does not have U, V, Nb, and As, all of which correlate with Mn; we assume that these latter elements are in a phase that covaries with the Mn phase which explains the correlations yet exclusion from the Q-mode Mn factor. If the one bulk crust with CFA in it is removed, then the elements that correlate in that phase are distributed in either the Fe (P, Ca) or Mn (PGEs) factors, otherwise they are not in any of the factors.
Growth Rates and Ages
[36] Growth rates of the upper 20 mm of the four crusts dated using 10 Be/ 9
Be vary from 10.5 mm/Myr to 2.1 mm/Myr (Figure 7 and Table 8 ). The three deeper-water crusts (3759-4000 m) generally have higher growth rates (10.5-3.1) than the shallowerwater (2155 m) crust (2.1-3.7 mm/Ma). This is consistent with the higher oxidation potential for the deeper water compared to the oxygen minimum zone (OMZ) where the shallower-water crust formed.
[37] The base of the upper 20 mm of the four Be-isotope dated crusts ranges in age from 2.67 to 6.57 Ma, the shallow-water crust is the oldest. The earliest initiation of crust growth was approximately at 28 Ma for D14-16B based on the Co (Tables 8 and 9 ). Why these ages for D4-1 are so different is unclear, but all of the Be-isotope ages are extrapolated whereas measured Co, Fe, and Mn Figure 6 . PAAS-normalized and chondrite-normalized rare earth element plots for bulk nodule and bulk crust samples.
Geochemistry Geophysics
Geosystems G 3 G Figure 7 . Growth-rate curves based on 10 Be/ 9 Be ratios; depth is from the crust surface that was in contact with seawater. The surface isotopic ratio for TN037-D4-1 is significantly lower than the other three crusts, which reflect contemporary seawater, possibly because of erosion of the surface; using the mean of the surface values for the other three crusts produces a nearly linear growth rate for D4-1. The red line for D14-16B is for a linear age model. The measured surface 10/9 Be ratio is too low for modern Pacific seawater and the upper 0.8 Ma of crust is likely missing; the ages given assume 11.42 Â 10 À8 to be the correct surface value (average of other 3 samples).
data were available for the Co chronometer. Growth hiatuses may also contribute to the age disparity between the two methods. As mentioned above, these ages for initiation of crust growth are minima because the Co chronometer and extrapolated Be growth rates do not take into account dissolution and erosion unconformities or periods of nondeposition.
[38] The four thickest crusts analyzed, D7-1 (130 mm), D4-1 (118 mm), D2-3-1 (112 mm), and D14-16B (110 mm) began to grow at 9.4, 13.7, 19.8, and 30.8 Ma ago respectively, based on the growth rates of individual layers using the Co chronometer and the thickness of each layer. The three thickest crusts progressively increase in water depth (3700, 4000, 4833 m) with increasing age of initiation of growth, and correspondingly a decrease in growth rate. The other thick crust (D14-16B) is from the shallowest water (2155 m), has the slowest growth rate, and is the oldest crust. This crust has growth rates typical of PCZ crusts (75% are ≤5 mm/ Myr) based on earlier studies [e.g., Hein et al., 2000] .
[39] These results indicate that the dating is internally consistent and as reliable as can be expected based on combined Co and 10 Be/ 9 Be dating. The uncertainty of the dating for the time period covered by 10 Be/ 9
Be is a maximum of AE0.5 Myr at 6 Myr. Crust sections deeper than that, where the ages were calculated from Co-chronometry, the uncertainties are greater but the combined 10 Be/ 9
Be and Co ages clearly demonstrate that these deposits are dateable and reliable archives for past ocean chemistry.
Discussion
[40] Several characteristics distinguish Shatsky Rise ferromanganese deposits from those studied from other regions of the global ocean, including deposit configuration, high Cu, Ni, Th, and Li layers in crusts, and a markedly different chemical composition compared to PCZ deposits that occur farther south.
Amalgamated Crust-Nodule Deposits
[41] The crusts and nodules occur in close proximity on Shatsky Rise, and some nodule deposits were cemented into pavements, thereby forming amalgamated crust-nodule deposits, which were further overgrown by Fe-Mn crust. The nodules formed by accretion about a small nucleus on a sediment surface and the crusts grew on rock surfaces, but in close proximity to the nodules. The amalgamated deposits could have formed either by winnowing of the sediment on which the nodules rested and subsequent crust formation on a rock surface populated with scattered nodules; or the nodule field was so densely packed that crusts were able to grow on that more-or-less continuous hard substrate. Conclusive evidence is not found to support one hypothesis over the other. Since the nodules in the amalgamated deposits are enriched in Cu, Ni, and Li, the sediment was thick enough to have established the diagenetic gradient required to release these metals from their host phases where they then became available to be acquired through adsorption by the nodules at the seabed.
Spatial and Temporal Enrichments of Cu and Ni in Fe-Mn Crust Layers
[42] Shatsky Rise crusts have much higher average Cu concentrations (Figure 4 ) and stronger Ni-and Cu-enriched layers than crusts found elsewhere in the global ocean, which may be the result of a deep-water source for those metals not available to shallower-water crusts, or to changes in paleoenvironmental conditions. The strong Cu and Ni enrichments are confined to the deeper layers of the crusts rather than the surface layers, supporting the latter supposition. The Be isotope and Co chronometer ages indicate that this Cu-Ni enrichment is not found in crust layers younger than about 3.4 Ma at any location across Shatsky Rise ( Table 9 ). The exact age of the end of Cu-Ni enrichment at each site is not known because chemical analyses were determined for macroscopically distinct layers within each crust, which might not accurately constrain the compositional changes. However, with the data available, the age of initiation of Cu-Ni-enrichment for the deep-water sites was the middle Miocene (Table 9 ). Five layers, the most analyzed from a single crust (D4-1), include a layer that accreted prior to enrichment of Cu and Ni, which shows the start of enrichment at about 11 Ma and the end of enrichment at about 3.4 Ma. However, it cannot be ruled out that enrichment started as early as 15-20 Ma at other sites. The three Shatsky Rise deep-water crusts (D3, D4, D7) have the highest Cu concentrations, which correspond to the time interval of about 12.5 to 3.4 Ma. The degree of enrichment decreases in crusts located farther south and the D11-2 site occurs at about the same water depth as D7, but maximum Cu and Ni values are half of what they are in the D7 crust. The deepest-water crust (D2; 4833 m) is at about the same latitude as D7, but is far below the calcite compensation depth (CCD) today and also during the middle Miocene, which likely had an influence on the smaller enrichment of Cu in that crust (Table 9 ; see below); this is also true for crusts from dredge D8, 4806 m water depth, but not for a nodule analyzed from that dredge. For the shallower-water crust (D14-16B, 2155 m), Cu contents are relatively low throughout the crust, but nonetheless decrease nearly fivefold in the four layers analyzed. This uniform decrease in Cu may reflect a decrease in the extent and intensity of the OMZ during growth of this shallow-water crust.
[43] Copper concentrations are highly variable in crusts throughout the area, which reflects water depth and the associated characteristics that change with water depth. For the deep-water crusts, the dominant controls are the composition and flow rate of bottom water masses and the depth of the CCD, which controls sedimentation rate and relative proportions of carbonate, silicate, and organic matter concentrations in bottom sediment, and indirectly pore fluid composition; and for the shallow-water crusts, upwelling along the Rise and extent and intensity of the OMZ. These are discussed in the next section.
6.3. Sources and Enrichment Mechanisms of Cu, Ni, Li, and Th [44] The chemical composition of crusts and nodules vary on regional, local, and intrasample scales. In general, the chemical composition of nodules is controlled by the ratio of the hydrogenetic to diagenetic components and whether the diagenetic component results from oxic or suboxic diagenesis [Dymond et al., 1984] . The most striking contrasts between the Shatsky Rise crusts and PCZ crusts are the high Fe, Si, Al, B, Ba, Cu, Li, and Th and low Bi, Co, Te, Tl, W, and As concentrations in the Shatsky crusts (Figure 8) . The difference in Th concentrations is especially striking in that it is near the Earth's crustal abundance ($12 ppm) for PCZ crusts (11 ppm) yet has a mean of 56 ppm for Shatsky Rise samples and reaches exceptionally high concentrations of 152 ppm for a crust layer from dredge D2 and 113-148 ppm for bulk crusts and a nodule also from D2 (Table 3) . The mean Th concentration of the Shatsky Rise crusts is similar to those found in crusts from the Atlantic and Indian Oceans and from seamounts off California in the northeast Pacific (52-56 ppm) [Hein et al., 2000; Hein and Koschinsky, 2012] . This enrichment relative to most other Pacific areas may relate to a deep-water source for Th and the location of Shatsky Rise under the Asian dust plume. Dissolved Th concentrations increase systematically with increasing water depth and are higher than the mean value for Shatsky Rise crusts in three of the four deepest-water sites (D2, D4, D8; but not D3); this depth relation is similar to Indian Ocean crusts (J. R. Hein, USGS unpublished data, 2010) . High 232 Th is found in the western Pacific under the Asian dust plume [Nozaki et al., 1987] , whereas in the central Pacific, 232 Th is much lower and without much variability in the water column [Roy-Barman et al., 1996] . The source of 232 Th is exclusively detrital material and is a robust tracer of dust fluxes [Hsieh et al., 2011] . In dissolved form, Th is highly particle reactive with a residence time in seawater of <100 years in the North Pacific [Okubo et al., 2012] . Release of Th from bottom water and surface sediment is currently debated and subject of an ongoing GEOTRACES program. Our data indicate that in the deep-water parts of Shatsky Rise, Th is available for scavenging and readily sorbs onto the Fe-Mn oxides. Such availability and bottom scavenging may be temporally and spatially variable in the deep ocean [Okubo et al., 2012] . [45] Another source of Th may be biogenic, which is likely the source for crusts off California where high coastal primary productivity occurs. The deepest-water Shatsky crusts occur below the CCD where organic matter in the sediment is not diluted by pelagic carbonate, so degradation of organic matter and dissolution of biogenic silica may be seabed sources for Th [Knauss and Ku, 1983; Hunter et al., 1988; Moran and Moore, 1992; Lao et al., 1993] . Biogenic calcite also has high concentrations of Th [Delaney and Boyle, 1983] , which may provide a source of Th closer to the CCD, currently at about 4200 m [van Andel et al., 1975] . Shatsky Rise occurs below the core of the main midlatitude, pan-Pacific dust plume originating from Asia [e.g., Rea, 1994] , which is the likely source for variable percentages of other lithogenic elements besides Th, such as Si, Al, K, Be, etc. The dust undergoes dissolution in the water column and can enhance primary productivity.
[46] Cu, Ni, and Li are also strongly enriched in Shatsky Rise samples from the deeper-water sites (Table 3) . High concentrations of these three elements in nodules indicate a diagenetic (pore water) source, the greater the diagenetic component the higher the concentration of Li [Hein and Koschinsky, 2012] . Hydrogenetic-diagenetic nodules from the Clarion-Clipperton zone (CCZ) in the east Pacific have a mean Li concentration of about 130 ppm, whereas diagenetic nodules from the Peru Basin average about 310 ppm Li; and typical Pacific hydrogenetic crust means are very low, ranging from about 3-7 ppm. Lithium in manganese deposits can also have a hydrothermal source [e.g., Rogers et al., 2001; Chan and Hein, 2007] , however, the combination of high Cu, Ni, and Li together in the Shatsky Rise crusts indicate a diagenetic source. Such high Li concentrations have not been found in hydrogenetic Fe-Mn crusts and this first occurrence requires explanation. High Li, Cu, and Ni in the nodule layers of amalgamated crust-nodule deposits are the result of diagenetic input to the nodules before they were incorporated into the crusts, which is typical for nodules [e.g., Halbach et al., 1981; Hein and Koschinsky, 2012] . However, other crust layers rich in those metals must have another explanation since crusts grow on rock substrates and cannot have a direct diagenetic input [Hein and Morgan, 1999] . The most likely explanation is that diagenetic reactions in the sediment (biogenic silica, organic matter) and dissolution of biogenic calcite in the water column are the sources for these elements [e.g., Martin and Knauer, 1973; Boström et al., 1974; Monteiro and Orren, 1985; Miller and Cronan, 1994] , which were mixed and enhanced in the deep water masses from which the crusts acquired metals. Similar processes explain Cu and Ni concentrations in the deep-water masses of the NE Atlantic [Saager et al., 1997] . These enrichments would explain the concentrations in the Shatsky Rise crusts that formed in deep water and in places where deep-water upwelled to shallower depths, 2000-3000 m [Kawabe et al., 2009] . The highest concentrations of Li are in crust layers that formed near the CCD while the enriched layers were accreting, from about 12.5 to 3.4 Ma (dredges D3, D4, D7); the CCD varied from about 3900 m to 4300 m during that time [van Andel et al., 1975] . All the Shatsky Rise nodules analyzed have Li concentrations (15-70 ppm) much greater than those found in most Pacific crusts (means of 3-7 ppm), but lower than those found in East Pacific nodules.
[47] Nodules produced from oxic diagenesis have the highest Ni and Cu contents [Halbach et al., 1981] , as well as the highest Li contents [Hein and Koschinsky, 2012] . Under suboxic diagenetic conditions, accompanied by high contents of organic carbon, abundant Fe 2+ ions are generated by reduction of ferric iron in sediment pore waters, which outcompetes Cu 2+ , Ni
2+
, and Li + for available vacancy sites within the structure of the 10 Å manganate that characterizes nodules, thereby decreasing the contents of metals of economic interest. The turn-around-point at which Cu and Ni increase with oxic diagenetic input and then decrease with suboxic diagenetic input occurs at an Mn/Fe ratio of about 5 [Halbach et al., 1981] . The high contents of organic carbon in areas of suboxic diagenesis reflect greater primary productivity in surface waters compared to areas where nodule growth is influenced only by oxic diagenetic conditions. Thus, high-grade nodules occur in areas of moderate primary productivity [e.g., Cronan, 1980; Halbach et al., 1981; International Seabed Authority, 2010] . In addition, the location of nodule/crust accretion relative to the CCD, which is controlled by primary productivity, is important because above that depth biogenic calcite increases sedimentation rates and dilutes organic matter contents [Verlaan et al., 2004; Cronan, 2006] . The highest-grade nodules form near, but generally below the CCD.
[48] The Shatsky Rise nodules do not fully comply with this scenario because the redox potential was never low enough to form 10 Å manganate, which is a mineral with tunnel structure that accommodates the high Cu, Ni, and Li concentrations found in nodules in other regions. The d-MnO 2 mineralogy of Shatsky nodules does not have that tunnel structure. Nonetheless, the data presented here show that d-MnO 2 can accommodate significant concentrations of Cu, Ni, and Li, all of which correlate with Mn concentrations. The highest Mn/Fe ratio for Shatsky nodules is 2.0, indicating that the nodules did not reach that turn-aroundratio of 5 where the Cu plus Ni concentrations are the highest [Halbach et al., 1981] . These data indicate that the diagenetic production of Cu, Ni, and Li incorporated into the nodules occurred in an oxic environment that was never reducing enough to produce 10 Å manganate, which is also true for the redox potential under which most seamount Fe-Mn crusts formed during the Cenozoic [Hein et al., 2000] . Today, the bottom-water dissolved O 2 content up the flank of Shatsky Rise decreases progressively from about 3.8 ml/l at 4800 m to 2.0 ml/l at 2200 m and is about 3.6 ml/l near the CCD at 4200 m [Kawabe et al., 2009] . Even at the lowest values, which are significantly above 0.1 ml/l characteristic for the suboxic zone, both the nodules and crusts are composed of d-MnO 2 . The abyssal bottom water O 2 content in the CCZ in the eastern Pacific is about the same, 3.8 ml/l [Mantyla and Reid, 1983] , but the nodules there are composed predominantly of 10 Å manganate and lesser amounts of d-MnO 2 . The difference is that the pore water chemistry is dominated by a lower redox potential in the CCZ and diagenetic reactions produce more Cu, Ni, and Li, but the redox potential is not so low that Fe 2+ out competes the Cu, Ni, and Li ions for sorption sites. This is validated by the maximum Mn/Fe ratio in Shatsky Rise samples of 2.0, whereas that ratio is up to about 7 for CCZ nodules [Halbach et al., 1981] . An Mn/Fe ratio of about 2.5 divides purely hydrogenetic nodules from those that experienced the beginning of early diagenetic input [Halbach et al., 1981] . Our data indicate that ratio is closer to 2.0 for Shatsky Rise Fe-Mn oxides.
[49] The "fossil" nodules in the Shatsky Rise amalgamated deposits and those currently forming in the area have similar compositions, including high Cu, Ni, and to a lesser degree Li concentrations, with the exception of a nodule from the site of D2, which has a predominantly hydrogenetic signature (high Co). This relationship is not true for the deeper-water, younger crust layers, which are not enriched in those elements. This may be explained by a change in the composition or flow of deep-water masses, which prior to about 3.4 Ma carried the diagenetically produced Cu, Ni, and Li that enriched older crust layers. This present condition is typical of the shallower-water crusts at Shatsky Rise and for crusts elsewhere in the Pacific for both younger and older layers.
[50] The key paleoenvironmental change that may have initiated the chemical changes seen in the deep-water Shatsky Rise crusts during the middle Miocene was the considerable increase in Antarctic glaciation, which most likely enhanced activity of the deep-water masses (increasingly corrosive deep water for carbonates) that accompanied major global cooling. The equator-to-pole thermal gradient increased, which led to an increase in oceanic mixing, and an increased supply of nutrients and primary productivity [e.g., Kennett and Brunner, 1973] . Increased continental weathering and eolian input from Asia also increased nutrient supply [e.g., Leinen and Heath, 1981] . There was a shift in silica deposition at about 15-12 Ma from the Atlantic to the Pacific [Cortese et al., 2004] , accompanied by the beginning of the closure of the Isthmus of Panama to deep-water exchange at about 12 Ma [e.g., Keigwin, 1982] . Chemical changes in central Pacific Fe-Mn crusts, including Cu and Ni, occurred at about that time [Hein et al., 1992; Frank et al., 1999] . The Shatsky Rise enrichments of Cu and Ni in crusts ended about 3.4 Ma, which broadly corresponds to initiation of northern hemisphere glaciation, final closing of the Isthmus of Panama, decreasing activity of AABW, and an increase in eolian dust flux [Keigwin, 1982; Rea, 1994; Burton et al., 1999] .
Summary and Conclusions
[51] A unique set of Fe-Mn crust and nodule samples collected from Shatsky Rise, located at middle latitudes in the NW Pacific, show characteristics unlike samples from the PCZ region. One distinction is that the deep-water Shatsky Rise crusts show a diagenetic chemical signal, but not a diagenetic mineralogical signal; that constrains the diagenetic redox conditions to early oxic diagenesis. Diagenetic input of metals to Fe-Mn crusts is rare, although it is unequivocal in these deep-water crusts. Thorium concentrations in PCZ crusts average about 12 ppm, whereas the deep-water Shatsky crusts average 56 ppm, with an exceptionally high concentration of 152 ppm. Thorium enrichments in the older crust layers (pre $3.4 Ma) reflect movement of Shatsky Rise into the core of the Asian dust plume and additionally deep-water diagenetic sources that enhanced the Cu, Ni, and Li concentrations in the same older crust layers. Crusts and nodules occur in close proximity and some nodule deposits were cemented by and overgrown by crusts forming amalgamated deposits. The nonamalgamated Shatsky Rise deep-water crusts show a diagenetic signal characterized by especially high Cu, Ni, and Li concentrations, which has not been seen in crusts studied elsewhere from the global ocean. This diagenetic input is confined to crust layers older than about 3.4 Ma and began during the middle Miocene. The sources of these metals is most likely from diagenetic reactions that took place in the deep-water sediment (biogenic silica, organic matter) and dissolution of biogenic calcite in the water column, which were mixed and enhanced in the deep water masses from which the crusts acquired metals. The highest concentrations of Li are in crust layers that formed near the CCD. The onset of Ni, Cu, and Li enrichment during the middle Miocene and cessation at about 3.4 Ma were accompanied by changes in the deep-water environment, especially composition and flow rates of water masses; and location of the CCD, which responded to surface water productivity.
[52] The shallower-water crusts (<2500 m) in the PCZ offer a resource potential for Co, Ni, Mn, and perhaps also REEs, Te, Zr, W, and other rare metals, but the Shatsky Rise crusts are less prospective because of the relatively low Co concentrations, deep-water environment, and middle latitude location, which commonly has high seas. The higher Cu, Th, and Li concentrations in Shatsky Rise crusts than found elsewhere in Pacific crusts are, however, not high enough to offset the decreased value related to the lower Co, Te, W, Bi, etc. concentrations (Figure 8 ). On the other hand, the total REE concentrations in dredge D2 crusts are very high, varying from 0.3 to 0.5%, and therefore warrant further studies in the Ojin Rise Seamounts.
